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The posttranscriptional regulator, microRNA-21 (miR-21), is up-regulated in many forms of cancer, as well as during
cardiac hypertrophic growth. To understand its role, we overexpressed it in cardiocytes where it revealed a unique type
of cell-to-cell “linker” in the form of long slender outgrowths and branches. We subsequently confirmed that miR-21
directly targets and down-regulates the expression of Sprouty2 (SPRY2), an inhibitor of branching morphogenesis and
neurite outgrowths. We found that �-adrenergic receptor (�AR) stimulation induces up-regulation of miR-21 and
down-regulation of SPRY2 and is, likewise, associated with connecting cell branches. Knockdown of SPRY2 reproduced
the branching morphology in cardiocytes, and vice versa, knockdown of miR-21 using a specific ‘miRNA eraser’ or
overexpression of SPRY2 inhibited �AR-induced cellular outgrowths. These structures enclose sarcomeres and connect
adjacent cardiocytes through functional gap junctions. To determine how this aspect of miR-21 function translates in
cancer cells, we knocked it down in colon cancer SW480 cells. This resulted in disappearance of their microvillus-like
protrusions accompanied by SPRY2-dependent inhibition of cell migration. Thus, we propose that an increase in miR-21
enhances the formation of various types of cellular protrusions through directly targeting and down-regulating SPRY2.

INTRODUCTION

MicroRNA (miRNAs) are a newly discovered class of post-
transcriptional regulators (Lagos-Quintana et al., 2002). An
miRNA is �22 ribonucleotides long, and genetically en-
coded, with a potential to recognize multiple mRNA targets
guided by sequence complementarity and RNA-binding
proteins (Lee et al., 1993). This class of molecules has the
capacity to specifically inhibit translation or induce mRNA
degradation, through predominantly targeting the 3� un-
translated regions (UTRs) of mRNA. miRNAs are differen-
tially expressed during development and various diseases,
thus implicating them in normal and pathological cellular
mechanisms.

Although mammalian miRNAs are commonly known for
inhibiting translation versus inducing mRNA degradation,
there is now substantial evidence to support the latter as
well. Farh et al. (2005) showed that predicted mRNA targets
of tissue-specific miRNAs were lower in the corresponding
tissue versus others. In support, Lim et al. (2005) showed that
by expressing the muscle-specific miR-1 or the brain-specific
miR-124 in HeLa cells, its mRNA expression pattern shifted
accordingly. The mechanism of mRNA degradation is sim-
ilar to that used by small interfering RNA (siRNA), where

the endonuclease Dicer mediates mRNA cleavage. Alterna-
tively, miRNA may induce deadenylation, which induces
mRNA degradation (Wu et al., 2006). In contrast, it is well
established that in metazoans miRNA inhibits mRNA trans-
lation, for which the Cap and poly(A) tail structures are
required for inhibition of translation initiation, but the
mechanism remains unknown (Humphreys et al., 2005). It is
plausible that transient exposure of an mRNA to a targeting
miRNA will inhibit its translation, whereas chronic expo-
sure will result in its degradation.

miR-21 is one of the most commonly and highly up-
regulated miRNA in many forms of cancer (Volinia et al.,
2006; Meng et al., 2007). Its knockdown activates caspases
and induces apoptosis in glioblastoma cells (Chan et al.,
2005) and sensitizes cholangiocytes to chemotherapeutic
agents (Meng et al., 2007), whereas its overexpression inhib-
its apoptosis in myeloma cells (Loffler et al., 2007). miR-21 is
shown to target and down-regulate the expression of the
tumor suppressors tropomyosin 1 (Zhu et al., 2007), phos-
phatase and tensin homologue (PTEN) (Meng et al., 2007),
and programmed cell death 4 (Pdcd4) and promote cell
invasion and metastasis (Asangani et al., 2007). Moreover,
anti-miR-21 inhibits tumor growth in vivo and in vitro (Si et
al., 2007). In human colorectal cancer, the levels of miR-21
positively correlated with the development of metastasis but
not tumor size (Slaby et al., 2008). Most interestingly, of 37
differentially expressed miRNA (26 up-regulated and 11
down-regulated) in colon adenocarcinoma, up-regulation of
miR-21 singularly correlated with lower survival rates and
poor response of patients to therapy (Schetter et al., 2008).
Thus, miR-21 is poised to be a major therapeutic target in
colon carcinoma.
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Cardiac hypertrophy is characterized by a change in the
gene expression pattern that recapitulates the neonatal pro-
file (Johnatty et al., 2000). This switch is triggered by tran-
scriptional and post-transcriptional regulators. Several labs
have recently reported an array of posttranscriptional
miRNA regulators that are differentially expressed and play
a role in the development of cardiac hypertrophy (van Rooij
et al., 2006; Callis et al., 2007; Care et al., 2007; Cheng et al.,
2007; Sayed et al., 2007; Tatsuguchi et al., 2007). miR-21 is one
of the most highly and consistently up-regulated miRNAs,
but its role is still controversial (Cheng et al., 2007; Tatsugu-
chi et al., 2007). The underlying mechanisms involved in
cardiac hypertrophy are reminiscent of those used in cancer,
overlapping in many growth-promoting molecules and
pathways, wherein miR-21 proves to be no exception (van
Rooij et al., 2006; Cheng et al., 2007; Sayed et al., 2007; Tat-
suguchi et al., 2007).

In this study, we describe a role for miR-21 in inducing
unique connections between cardiocytes, a morphological
aspect of the cell that has not been described previously. We
also identify an upstream regulatory pathway and a down-
stream target of miR-21. Their implications in cardiac hyper-
trophy and cancer are discussed.

MATERIALS AND METHODS

Transverse Aortic Constriction
C57Bl/6 were subjected to transverse aortic constriction as described previ-
ously (Sayed et al., 2007).

Cell Cultures and Adenovirus (Ad) Infection
Neonatal cardiocytes were prepared as described previously, using both
preplating and Percoll gradients for enriching for cardiocytes (Abdellatif et al.,
1994). Twenty-four hours later, medium was replaced without fetal bovine
serum (FBS), and cells were infected with recombinant adenoviruses at a
multiplicity of infection (moi) of 10–20.

Adult cardiocytes were prepared as described previously (Malhotra et al.,
1997). Briefly, beating hearts were perfused in a Langendorf apparatus with
collagenase type II (Worthington Biochemicals, Freehold, NJ) until cardio-
cytes were dissociated, and they were then cultured in minimal essential
medium with 1.2 mM CaCl2 on laminin-coated chamber slides.

Colon cancer SW480 and SW620 cell lines (American Type Culture Collec-
tion, Manassas, VA) were cultured in Leibovitz’s medium (Invitrogen, Carls-
bad, CA) with 10% FBS at 37°C in a CO2-free incubator. Cells were infected
with the various viruses in FBS-free medium.

Northern Blot
Total RNA extracted from whole hearts or cultured cardiocytes was analyzed
by Northern blots as described previously (Sayed et al., 2007).

Construction of Adenoviruses
Recombinant adenoviruses were constructed, propagated, and titered as de-
scribed previously by Dr. Frank Graham (Graham and Prevec, 1991). The
viruses were purified on a cesium chloride gradient followed by dialysis
against 20 mM Tris-buffered saline with 2% glycerol.

DNA Constructs Cloned into Recombinant Adenovirus
miR-21, a 320-base pair sequence encompassing the stem-loop of miR-21, was
amplified from mouse genomic DNA by polymerase chain reaction (PCR) by
using primers: 5�-CCTGCCTGAGCACCTCGTGC-3� and 5�-GACTGTGAC-
GACTACCCCAA-3�. For a control a nonsense sequence, 5�-GAACCGAGC-
CCACCAGCGAGC-3� replaced the mature miRNA sequence within its stem-
loop structure. An miR-21 eraser, a tandem repeat of the anti-sense of mature
miR-21 sequence, was synthesized as a double-stranded oligonucleotide and
cloned into recombinant adenovirus under the control of a U6 promotor.
Sprouty2 (SPRY2; accession no. NM_011897, the full-length cDNA, excluding
the miR-21 targeting site and upward of the 3�UTR, was cloned by PCR from
a mouse 17-d embryonic cDNA library (Clontech, Mountain View, CA). Short
hairpin RNA (shRNA) SPRY2, a hairpin-forming oligonucleotide correspond-
ing to bases 668–688 of open reading frame of Mus musculus SPRY2 (GenBank
accession no. NM_011897), was cloned into adenovirus as described previ-
ously (Yue et al., 2004).

Immunocytochemistry
As described previously (Sayed et al., 2007). Cells were immunolabeled with
anti-titin (Developmental Studies Hybridoma Bank, University of Iowa, Iowa
City, IA), anti-SPRY2 (Millipore, Billerica, MA), anti-connexin43 (Cx43; BD
Biosciences, San Jose, CA), or anti-�-catenin (Santa Cruz Biotechnology, Santa
Cruz, CA) in Tris-buffered saline with 1% bovine serum albumin. Slides were
mounted using Prolong Gold anti-fade plus 4,6-diamidino-2-phenylindole
(DAPI) (Invitrogen).

Immunohistochemistry
Slides were immunostained with 1:100 anti-connexin43 (BD Biosciences) by
using BCIP/NBT chromagen from Zymed Laboratories (South San Francisco,
CA), according to the manufacturer’s protocol.

Cell Fractionation and Western Blotting
As described previously (Sayed et al., 2007), cell lysate was fractionated using
Subcellular ProteoExtract kit (Calbiochem, San Diego, CA), according to the
manufacturer’s protocol. The protein (5–10 �g) was analyzed on a 4–20%
gradient SDS-polyacrylamide gel electrophoresis (PAGE) (Criterion gels; Bio-
Rad, Hercules, CA). The antibodies used were anti-SPRY2 and anti-SPRY3
(Millipore); anti-PDCD4, anti-SPRY1, anti-SPRY4, anti-Ras, and anti-H2B
(Santa Cruz Biotechnology); anti-phospho-p44/42 mitogen-activated protein
kinase (MAPK)-Thr202/Tyr204 and anti-p44/42 MAPK (Cell Signaling Tech-
nology, Danvers, MA); anti-connexin43 (BD Biosciences); anti-phosphatase
and tensin homolog deleted on chromosome 10 (PTEN; GeneScript, Piscat-
away, NJ), and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
Millipore).

Luciferase (Luc) Assay
A concatemere of the miR-21–predicted target sequence within the SPRY2
3�UTR (GGAGACCCACATTGCATAAGCT) � 3 and a mutant lacking com-
plimentarity with miR-21 seed sequence (GGAGACCCACATTGCGAC-
TATA) � 3, were cloned downstream of the luciferase gene driven by the
cytomegalovirus (CMV) promoter, generating Luc.SPRY2 and Luc.mtSPRY2
vectors, respectively. Cultured neonatal cardiocytes were transfected with
these constructs, using Lipofectamine (Invitrogen), in conjunction with plas-
mids expressing miR-21 (CMV.miR-21) or a nonsense stem-loop (pControl).
The cells were harvested after 24 h, and luciferase activity was assayed using
an Lmax multiwell luminometer (Molecular Devices, Sunnyvale, CA).

Cell–Cell Dye Transfer Assay
A suspension of two groups (�105 cells) of freshly isolated neonatal cardio-
cytes were independently loaded with the gap junction-permeable dye calcein
AM (0.5 �g/ml; Invitrogen) or with the membrane-labeling dye Vibrant DiI
(1.86 �g/ml; Invitrogen), for 30 min at 37°C in serum-free culturing medium.
The cells were then washed with 3 � 5 ml of medium and the two groups
were mixed and plated on 0.3% gelatin-coated glass slide. Transfer of calcein
from one group of cells to the other was monitored by live fluorescence
imaging.

Migration Assay
SW480 cells were treated with a control, miR-21 eraser, shRNA-SPRY2, or
miR-21 eraser � shRNA-SPRY2 viruses for 48 h in serum-free Leibovitz’s
medium, after which they were trypsinized, collected, and counted. In the
meantime, 24-well plates with transwell-permeable, 0.8-�m polycarbonate
membrane inserts (Corning, Corning, NY) were preconditioned with culture
medium. To each transwell, 105 cells/100 �l of serum-free medium was
seeded for 30 min before adding 600 �l of serum-enriched medium to the
lower chamber as an attractant. The plates were incubated for 5 h at 37°C. The
cells were then fixed with 10% buffered Formalin and kept at 4°C overnight,
before they were stained with hematoxylin (Zymed Laboratories). The upper
side of the membrane was gently wiped using a wet cotton swab to remove
excess stain before the lower side was imaged with a 20� objective. The
number of cells migrated were counted using the free ImageJ cell counter
software (National Institutes of Health, Bethesda, MD).

Statistical Analysis
Calculation of significance between two groups was performed using an
unpaired, two-tailed t test. The experiment in Figure 1e was performed twice,
whereas all other experiments were done at least three times, as indicated in
the figure legends. The relative intensities of the bands seen on Western blot
or Northern blot radiographs were quantified using Unscan-it software and
normalized to an internal control such as GAPDH, Ras, H2B, or actin for
different cellular protein fractions, or U6 or 5S for RNA fractions. The numer-
ical values reported within the text represent the average of at least three
experiments � SD. Otherwise, SE of the mean was used only where indicated
in the text or figure legends.
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RESULTS

miR-21 Is Up-Regulated during Cardiac Hypertrophy and
through Stimulation of the �-Adrenergic Receptor
We have reported previously an array of microRNAs includ-
ing miR-21 that was up-regulated during cardiac hypertro-
phy (Sayed et al., 2007). miR-21 increases by 4 � 1.5- and
8.3 � 0.6-fold (average � SD; n � 3), at 7 and 14 d, respec-
tively, after induction of hypertrophy by using transverse
aortic constriction (TAC) versus a sham operation in a
mouse model (Figure 1a). This was associated with 27 � 6
and 35 � 5% (average � SD; n � 4) increase in heart and
body weight, respectively, and an increase in skeletal actin,
which is a marker of hypertrophy (Figure 1a). The increase
in miR-21 was sustained through 18 d after TAC but started
declining thereafter, concurrent with the onset of cardiac
dysfunction (decompensation). We also assessed the levels
of miR-21 in other genetic mouse models of cardiomyopa-
thies, the results of which revealed its up-regulation in a
transgenic mouse overexpressing �2-adrenergic receptor
(�2AR) in the heart before development of any phenotype
(Figure 1b). �AR stimulation plays a role in the development
of cardiac hypertrophy, in which studies have shown that
infusion of its agonist isoproterenol increases cardiac con-
tractility and hypertrophy in rodent models. We further
confirmed that isoproterenol induces up-regulation of
miR-21 in isolated rat cardiocytes to almost the same extent
as seen in the transgenic hearts (Figure 1, c and d). This
suggests that the �AR receptors are upstream regulators of
miR-21. miR-21, which is ubiquitously expressed in adult
human and mouse tissue, is relatively low in the normal
adult heart (Supplemental Figure 1S). It is developmentally
regulated, which in contrast to the muscle specific miR-1 is
higher in the neonatal heart that is known to grow though a
process of cardiocyte hypertrophy (Figure 1e). Thus, an
increase in miR-21 accompanies hypertrophic growth, with
the �AR receptor being one of its upstream regulators.

miR-21 Targets Sprouty2 and Induces Cellular
Outgrowths
To address the role of miR-21 in cardiocytes, we cloned a
320-nt sequence that encompasses the miR-21 stem-loop into
a recombinant adenovirus (Figure 2a). We similarly cloned a

tandem repeat of the antisense sequence of mature miR-21
under the control of the U6 promoter (Figure 2b). Northern
blots analysis of cardiocytes treated with the former vector
exhibit approximately threefold higher mature miR-21 ver-
sus control, although the premature construct accumulated
at much higher levels, reflecting a rate-limiting step in the
processing of miR-21 (Figure 2a). In contrast, the antisense
miR-21 was highly expressed and resulted in knockdown of
endogenous miR-21, but not miR-1, where it was undetect-
able by Northern blotting (Figure 2b). For that reason, we
dubbed this construct miR-21 eraser. The function of this
eraser was further validated in SW480 and SW620 cancer
cells with regard to the established miR-21 targets, pro-
grammed cell death 4, and PTEN (Supplemental Figure 2S,
Ad). We also established the specificity and versatility of
these erasers by showing that an “miR-199a eraser” specif-
ically eliminated the corresponding miRNA but not miR-21
or miR-1 (Supplemental Figure 2S, E).

Overexpressing miR-21 in cardiocytes did not influence
hypertrophic growth in the absence or presence of growth
factors as monitored by [3H]leucine incorporation (data not
shown). But after 48–72 h in culture, we noticed all the cells
exhibited extensive cellular outgrowths (4 � 3 branches/
cell, average � SD; n � 25) that varied in length (44 � 28 �m,
average � SD; n � 25) depending on the distance between
neighboring cells (Figure 2c). Sprouty, a known inhibitor of
branching morphogenesis and neurite outgrowth, is pre-
dicted to be a miR-21 target by TargetScanS and PicTar
miRNA target prediction software, each using a unique set
of algorithms. To confirm its potential in mediating the
branching effects of miR-21, we independently knocked it
down using adenoviral delivered short-hairpin RNA (Figure
2f). This elicited even more impressive cardiocyte out-
growths (Figure 2c). Neither miR-21 nor the shRNA against
SPRY2 had any effect on SPRY1, -3, or -4 (Supplemental
Figure 3S). Furthermore, overexpression of SPRY2 inhibited
miR-21-induced outgrowths (Figure 2d), which suggested
that the effect of miR-21 is mediated through this putative
target.

Using Western blot analysis, we confirmed down-regula-
tion of endogenous SPRY2 (52 � 4%, average � SD; n � 4)
upon overexpression of miR-21 for 48 h (Figure 2e). The

Figure 1. Mir-21 is up-regulated during car-
diac hypertrophy. (a) Twelve-week-old male
C57Bl/6 mice were subjected to TAC or a
sham operation. Hearts were isolated 1, 7, 14,
18, 21, and 25 d post-TAC from which total
RNA was extracted and analyzed by Northern
blotting by using miR-21, U6, and skeletal ac-
tin detection probes (n � 3). The picture on the
left shows the heart after 21 d of TAC versus
sham operation. Reduced ejection fraction and
increased left ventricular end diastolic pres-
sure established the onset of cardiac decom-
pensation (failure). (b) Total RNA was ex-
tracted from 1-y-old male �2AdR transgenic
mice and their wild-type littermates and ana-
lyzed by Northern blotting (n � 4). (c) Cul-
tured neonatal cardiocytes were treated with
10 �M isoproterenol (ISO) for 24 h, after which
total RNA was extracted and analyzed by
Northern blotting (n � 3). (d) The Northern

blot signals for miR-21 were scanned, quantified, and normalized to the U6 signal. For each treatment or time point, average values are
reported as -fold increase over control levels. Error bars represent SD, and *p � 0.001, TAC or growth factor versus sham or control. (e) Total
RNA extracted from the hearts of 1-d and 12-wk-old rats was analyzed by Northern blotting using miR-21, miR-1, and 5S detection probes
(n � 2).
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blots also revealed that the SPRY2 protein is present in the
cytosol, membrane, nuclear, and cytoskeletal fractions of
cardiocytes (Supplemental Figure 4S). It should be noted
that SPRY2 is detected as two to three bands on an SDS-
PAGE, which is thought to be due to its phosphorylation
and palmitoylation (Impagnatiello et al., 2001). The quanti-
fication takes into account all three forms. In contrast, over-
expression of SPRY2 had no effect on endogenous miR-21
(Supplemental Figure 5S). Because Sprouty negatively reg-
ulates extracellular signal-regulated kinase (ERK)1/2, we
used phospho-ERK1/2 as a marker for monitoring changes
in Spry2 function that would be regulated by changes in its
levels. The results show that down-regulation of SPRY2 by
miR-21 or shRNA (67 � 9%, average � SD; n � 4) is
accompanied by an increase in basal phosph-ERK1/2 nor-
malized to the total ERK by 5 � 0.4 (average � SD; n � 4)
and 2.2 � 0.15-fold (average � SD; n � 4), respectively

(Figure 2, e and f). But excess (overexpressed) miR-21 did
not augment FBS-induced phospho-ERK1/2 levels; plausi-
bly, FBS has already induced maximal stimulation (Supple-
mental Figure 4SB). The increase of phospho-ERK1/2 by
these treatments may reflect the inhibitory effect of SPRY2
on basal activation of surface receptors through autocrine
effects. In contrast, knockdown of miR-21 by using the
miR-21 eraser, or overexpression of SPRY2, results in �80%
inhibition of fetal bovine serum-induced phospho-ERK1/2
(Figure 2, g and h). Thus, SPRY2 is a downstream target of
miR-21 (could be a direct or indirect target at this juncture)
and has limiting cellular concentrations.

To determine whether SPRY2 is a direct target of miR-
21, we cloned the miR-21–predicted target sequence that
is contained within its 3�UTR, downstream of a luciferase
gene (Luc.SPRY2; Figure 2i). This sequence conferred
miR-21–induced inhibition of the luciferase activity by

Figure 2. miR-21 induces cardiocyte outgrowth and down-regulation of SPRY2. (a) The stem-loop structure of miR-21 under the control of
the CMV promoter cloned into recombinant Ad, in which the mature sequence is shown in red. (b) The anti-miR-21 (miR-21 eraser) sequence
under the control of the U6 promoter cloned into recombinant adenovirus. The panels below each construct represent Northern blots of RNA
extracted from cardiocytes infected with 10–20 moi of the corresponding virus for 48 h (n � 3). (c) Cardiocytes cultured on uncoated glass
chamber slides were infected with 10–20 moi of adenovirus expressing miR-21 (n � 20) or short hairpin SPRY2 (shRNA-SPRY2) in serum-free
medium (n � 6). (d) Similarly cells were treated with 10–20 moi of control or a combination of miR-21 and SPRY2 Ad viruses (n � 4).
Seventy-two hours later, cells were fixed and coimmunolabeled with anti-SPRY2 (green), anti-titin (red), and DAPI (blue). Cells were imaged
with an epifluorescence microscope at 60� magnification by using an fluorescein isothiocyanate (FITC) (green), Texas Red (red), or
FITC/Texas Red/DAPI triple filter, as shown. NC, noncardiac cell. (e–h) Cardiocytes were infected with Ad expressing miR-21 (n � 4; e),
shRNA-SPRY2 (n � 4; f), miR-21 eraser (n � 4; g), or SPRY2 (n � 4; h) and control Ad expressing scrambled miR, or lacz, respectively, for
48 h, in serum-free medium, as marked with the � sign. Cells were additionally treated with 10% FBS for 10 min, where indicated. Control
lanes (unmarked with �) were treated with a scrambled stem-loop– (e–g) or a Lacz (h)—expressing virus. Cells were harvested, and the
cytosolic fraction was analyzed by Western blotting using anti-SPRY2, anti-phosoho-p42/p44 (p-p42/p44), anti-p42/p44, anti-GAPDH, and
anti-� sarcomeric actin (s.actin). (i) Cardiocytes were transfected with a CMV.Luc vector containing the predicted miR-21 target sequence in
SPRY2 (Luc-SPRY2) or a control mutated sequence (Luc-mtSPRY2), within the 3�UTR of Luc, where indicated by the � sign. In conjunction,
cells were cotransfected with plasmids expressing miR-21 (red bars) or a control nonsense stem-loop sequence (open bars). After 24 h, protein
was extracted, and luciferase activity per microgram of protein was measured and averaged (n � 12). The results are graphed as -fold increase
in luciferase activity relative to Luc-SPRY2 in the absence of miR-21 after adjusting it to 1. Error bars represent SE of the mean, and *p � 0.001,
Luc-SPRY2 � miR-21 versus Luc-SPRY2 alone; **p � 0.0001, Luc-SPRY2 versus Luc-mtSPRY2.
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76 � 4% (average � SEM; n � 12). To determine specific-
ity, we cloned a mutated miR-21 SPRY2 target sequence,
in which the seed-binding sequence was completely al-
tered (Luc.mtSPRY2), downstream of the luciferase gene.
As seen in Figure 2i, not only did this mutant abolish the
effect of exogenous miR-21 on the reporter but also it
relieved it from inhibition by the endogenous miR-21.
Thus, we conclude that SPRY2 is a direct target of miR-21.

�-Adrenergic Receptor Stimulation Induces
down-Regulation of SPRY2, Which Is Accompanied by
Cell-to-Cell Connecting Cellular Outgrowths
To address physiological relevance of these miR-21–induced
outgrowths, we asked whether these structures accompany
�AR induction of miR-21 in isolated cardiocytes. After treat-
ment of the cells with isoproterenol and staining them with

an antibody against the sarcomeric protein titin, we were
able to observe cellular outgrowth that were connecting or
reaching out to adjacent cells (Figure 3a, top). The striated
pattern of titin staining reflects the presence of sarcomeres
even within these branches. This effect was wide spread in
all observed cells (4 � 3 branches/cell, average � SD; n �
20). Impressively, these outgrowths were abrogated by the
miR-21 eraser or overexpression of SPRY2 (Figure 3a, bot-
tom). Coimmunostaining the cells with anti-SPRY2 reveals
that SPRY2 is depressed in the presence of isoproterenol but
restored in the presence of the miR-21 eraser or exogenous
SPRY2. Similar results were obtained when cells were
treated with a virus overexpressing �2AR (Supplemental
Figure 6S). Although Figure 1 confirms that isoproterenol
and �2AR induce up-regulation of miR-21, Figure 3b con-
firms that they also induce 70 � 22 and 64 � 11 (average �

Figure 3. �-Adrenergic receptors induces cellular outgrowths and down-regulation of SPRY2 in cardiocytes. (a) Cardiocytes cultured on
uncoated chamber slides were treated with 10 �M isoproterenol (ISO) in the presence or absence of 10–20 moi of Ad expressing miR-21 eraser
or SPRY2, in serum-free medium (n � 3). After 24 h, cells were fixed and coimmunostained with anti-titin (red) and anti-SPRY2 (green). Cells
were imaged with an epifluorescence microscope at 60� magnification. Arrowheads point to connecting branches. (b) Cardiocytes were
treated with 10 �M ISO or 10–20 moi of Ad expressing �2-AR, in serum-free medium (n � 3). After 24 h, cells were harvested, and the
cytosolic fraction was analyzed by Western blotting by using anti-SPRY2, anti-�2AdR, and anti-GAPDH. (c) Cardiocytes were treated with
10–20 moi of Ad.miR-21eraser in serum-free medium. After 24 h, they were stimulated with 10 �M ISO. Beats/min for 10–20 cells/field (n �
3) were counted after 5 min or 16 h of addition of the drug. The results are presented as beats per minute for each cell under the conditions
indicated in the legend.
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SD; n � 3) down-regulation of SPRY2 protein, respectively
(Figure 3b). The functional consequence of this effect is
reflected in the contractile behavior of the cardiocytes (Fig-
ure 3c). Normally, isolated cells have variable beating rates.
In the presence of isoproterenol, the rate of contraction is
immediately enhanced two- to fivefold and does not seem to
suffer in the absence of miR-21. But after 24 h of stimulation,
the cardiocytes are hypertrophied and form cell-to-cell con-
nections and begin to beat synchronously. By disrupting the
connecting cellular outgrowth, using miR-21 eraser, this
synchronicity of beating is disrupted. Thus, cell-to-cell con-
necting cardiocyte outgrowths are a morphological change
that accompanies �AR stimulation and hypertrophy and
that is mediated by miR-21 through down-regulation of
SPRY2. From the contractile behavior of the cells, we pre-
dicted that these outgrowths connect the cardiocytes via
functional gap junctions, which we test next.

Cellular Outgrowths Connect to Cardiocytes via Gap
Junctions
To verify the type of cell–cell connections conferred by these
outgrowths, we immunostained Ad.miR-21- or isoprotere-
nol-treated cardiocytes with anti-Cx43 and anti-�-catenin for
detection of gap or adherens/tight junctions, respectively.
Our results show that isoproterenol treatment (Figure 4a,
bottom), relative to control (Figure 4a, top), induced inter-
connecting branches accompanied by redistribution of Cx43
and �-catenin that became distinctly localized at branch-to-
cell contact points. It seems that Cx43 alone is more preva-
lent at these connections (white arrowheads), where �-cate-
nin was occasionally found to coexist (yellow arrowheads).
Although miR-21 induced a similar effect, the redistribution
of Cx43 and �-catenin at the connection sites was less pro-
nounced (Figure 4a, middle). This led us to conclude that
isoproterenol induces additional factors that enhance the
formation of gap junctions.

To test the functionality of these gap junction connections,
we coplated two groups of cardiocytes, one group loaded
with cytosolic calcein AM (green) and the other group la-
beled with the membrane dye Vybrant DiI (red). This ap-
proach enables us to distinguish any cells that might acquire
calcein AM de novo from the originally loaded cells. Al-
though the untreated cells show two distinct single-color
populations, after treatment with isoproterenol we could
identify Vybrant DiI-labeled cells (red arrowheads) that had
acquired the green dye from an adjacent calcein-only posi-
tive cell (white arrowheads), in which the transferring dye
could also be seen in the connecting branch (Figure 4b).
Thus, interconnecting cardiocyte branches serve the purpose
of conduction of molecules between cells.

Because the experiments described above were performed
in neonatal cultured cardiocytes, which are generally more
plastic, we questioned how these outgrowths might develop
in the morphologically uniform rod-shaped adult cardio-
cytes in vivo. For this purpose, we sectioned hypertrophied
hearts from the TAC mouse model and immunostained
them with anti-Cx43. Compared with normal hearts, these
hearts showed connecting, short, lateral outgrowths be-
tween adjacent cardiocytes, in which Cx43 that is normally
strictly localized to the intercalated discs demarcated the
sites of contact (Figure 5a). The figure shows three different
depictions of these connections. To determine whether
miR-21 mediates this effect, we isolated normal adult
cardiocytes that we treated with the miR-21– expressing
adenovirus for 72 h. After immunostaining with anti-
Cx43, we were able to observe Cx43-demarcated lateral
protrusions (Figure 5b, arrowheads). We also determined

Figure 4. Cardiocyte outgrowths connect cells via gap junctions.
(a) Neonatal cardiocytes cultured on uncoated chamber slides were
treated with 10–20 moi of Ad expressing miR-21 for 48 h or 10 �M
ISO for 24 h (n � 3). Cells were then fixed and coimmunolabeled
with anti-Cx43 (red) and anti-�-catenin (green) and DAPI (blue).
NC, noncardiac cell. Cells were imaged with an epifluorescence
microscope at 60� magnification by using an FITC/Texas Red/
DAPI triple filter. Arrowheads point to the connection sites of
branches. (b) Two populations of neonatal cardiocytes were sepa-
rately loaded with calcein AM (green) or Vybrant DiI (red) before
coculturing for 16 h (n � 3). Cells were then treated with 10 �M ISO
for 8 h followed by live imaging at 40� magnification. White
arrowheads point to cells loaded with calcein only; red arrowheads
point to cells that were loaded with Vybrant DiI only but have
acquired calcein through the connecting branches.
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the levels of SPRY2 in the hypertrophied heart. The
change in SPRY2 protein was only detected in the slower
migrating form (�90%; n � 3), both in the membrane and
nuclear fractions, but it was not associated with an in-
crease in phosph-ERK1/2 (Figure 5c). Thus, the up-regu-
lation of miR-21 in the adult cardiocytes evokes a rudi-
mentary form of the cellular outgrowths observed in the
neonatal cardiocytes.

miR-21 Mediates the Formation of Microvillus-like
Protrusions in Colon Cancer Cells
miR-21 is overexpressed in many cancer forms. To deter-
mine how the effect of miR-21 seen in cardiocytes translates
in cancer cells, we overexpressed miR-21, SPRY2, or miR-21
eraser, in the colon cancer cells SW480. Overexpression of
miR-21 results in a minimal increase over the already very
high endogenous levels, whereas miR-21 eraser results in
�70% (n � 2) reduction in endogenous miR-21 (Figure 6a)
accompanied by up-regulation of SPRY2 protein (Figure 6c).
Staining the cells with actin-binding phalloidin reveals mi-
crovillus-like protrusions that are enriched throughout the
circumference of the control and miR-21–overexpressing
cells alike (Figure 6b). In contrast, SPRY2 and miR-21 eraser
resulted in dramatic reduction of these protrusions. Immu-
nostaining the cells confirmed an increase in SPRY2 accom-
panying miR-21 eraser or SPRY2 overexpression. In addition
to a reduction of the microvilli-like structures, miR-21
knockdown was associated with a 0.4 � 0.12-fold lower cell
migration relative to control, which was almost completely
rescued by shRNA-SPRY2 (Figure 6c). Conversely, shRNA-
SPRY2 alone increased cell migration 1.47 � 0.05-fold that
was inhibited by miR-21 eraser. Western blot analysis dem-
onstrates the corresponding changes in SPRY2 levels, which
reflects its increase with miR-21 eraser, inhibition by
shRNA-SPRY2, and its inverse correlation with the extent of
migration. Thus, we conclude that miR-21, through inhibi-
tion of SPRY2, reduces the formation of microvillus-like
protrusions and migration of colon cancer cells.

DISCUSSION

miR-21, Its Association with Cell Growth and Its
Upstream Regulators
miR-21 has attracted more attention than any other miRNA,
because it is one of the most highly up-regulated in various
cancers, cardiac hypertrophy, and neointimal formation,
suggesting that it has a fundamental role in cell growth. In
agreement, its level is fairly higher in the neonatal versus
adult heart (Figure 1e), where it is up-regulated upon induc-
tion of hypertrophic growth. In contrast, its level starts
declining with the onset of cardiac failure, ultimately drop-
ping to basal amounts. This also coincides with down-reg-
ulation and desensitization of the �ARs (Bristow et al., 1982).
Moreover, �2AR-overexpressing mice exhibit up-regulation
of miR-21 in the heart, whereas isoproterenol stimulation of
cultured cardiocytes induces up-regulation of miR-21,
down-regulation of SPRY2, and enhanced myocyte branch-
ing. Collectively, these data suggest that �ARs are up-
stream regulators of miR-21 in the heart. Interestingly, it
was recently reported that stress mediated through �AR
stimulation enhances ovarian cancer cell invasiveness
(Sood et al., 2006). Thus, it is also plausible that �AR also
plays a role in enhancing miR-21 in cancer cells, where it
may induce up-regulation of miR-21, down-regulation of
SPRY2, and increased microvillus-like protrusions, and
thereby cell migration.

Evidence Supporting a Role for �AR in Inducing
Cardiocyte Connectivity and Its Association with Cardiac
Hypertrophy
In support of a role for �AR stimulation in cell–cell connec-
tions and conduction, it was recently reported to increase the
expression of connexin43 (Salameh et al., 2006) and conduc-
tion velocity in cultured neonatal cardiocytes (de Boer et al.,
2007). Conduction velocity, which is partly regulated by the
abundance of gap junctions, is increased during early hy-
pertrophy but decreased during later decompensation
stages (Cooklin et al., 1998), which coincides with the decline
in �ARs and connexin43. Similarly, stretch (Zhuang et al.,

Figure 5. Cardiac hypertrophy is associ-
ated with connexin43 positive side-branch
connections and down-regulation of SPRY2.
(a) Twelve-week-old male C57Bl/6 mice
were subjected to TAC. Two weeks later,
the hearts were isolated fixed, sectioned,
and immunostained with anti-Cx43 (dark
purple) and counterstained with hematoxy-
lin (blue nuclei; n � 3). Arrowheads point to
connecting side branches. (b) Adult rat car-
diocytes were cultured on laminin-coated
chamber slides. The cells were then infected
with 20 – 40 moi of Ad expressing miR-21 or
a control scrambled sequence (n � 3). After
48 h, they were fixed and immunolabeled
with anti-Cx43 (red). Cells were imaged
with an epifluorescence microscope at 60�
magnification. (c) From hearts similar to
those described in a, cellular protein was
extracted; fractionated into cytoplasm (Cyto),
membrane (Mem), nuclei (Nuc), and cytoskel-
eton (CytoSk); and analyzed by Western blot-
ting using anti-SPRY2, anti-Ras GTPase-acti-
vating protein (RasGAP), anti-p-p42/p44,
and anti-p42/p44 (n � 3). Anti-Ras, anti-his-
tone H2B, and anti-skeletal actin (SkAc) are

used to validate the membrane, nuclear, and sarcomeric fractions, respectively, whereas anti-RasGAP validates the cytosolic fraction.
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2000) and cAMP (Darrow et al., 1996) induce up-regulation
of connexin43 and gap junction density in parallel with an
increase in conduction velocity in cultured cardiocytes.
These data reconcile well with our results in Figure 3a
showing extensive interconnecting cellular branches in-
duced by isoproterenol treatment of isolated cardiocytes.

Cardiocytes adjacent to infarct zones (Smith et al., 1991) or
those subjected to aortic banding-induced hypertrophy (Em-
dad et al., 2001) or pulmonary hypertension-induced hyper-
trophy (Uzzaman et al., 2000) exhibit extensive remodeling
of gap junctions. This remodeling is in the form of punctate
distribution of connexin43 throughout the perimeter of the
cell, which is normally confined to its end intercalate discs.
This is similar to its diffuse distribution in neonatal heart
cardiocytes (Spach et al., 2000). Interestingly, we observe a
similar pattern of connexin43 labeling after TAC and in
isolated adult cardiocytes overexpressing miR-21 (Figure
5b). We propose that the lateralization of connexin43 demar-
cates sites of cell-to-cell connecting branches, which are in-
duced by up-regulation of miR-21 and down-regulation of
its target SPRY2. Similarly, in normal human hearts con-

nexin43 is predominantly (91.7%) restricted to the interca-
lated discs (Kostin et al., 2004). During early stages of cardiac
hypertrophy, connexin43 is increased by 44.3%, but only
60.3% is localized to intercalated discs, whereas more of the
protein occurs on the lateral sarcolemma (Kostin et al., 2004).
But during later stages of hypertrophy and decompensation,
connexin43 levels are reduced and the lateral distribution
disappears. This distribution and expression profile of con-
nexin43 agrees with a scenario in which increased miR-21
during compensatory hypertrophy is associated with in-
creased Cx43-positive, cell-cell connecting side branches,
which is reversed during failure commensurate with the
decline of miR-21.

The Role of SPRY in Branching and Cancer
Sprouty was first discovered as an inhibitor of fibroblast
growth factor (FGF) signaling and branching of Drosophila
airways (Hacohen et al., 1998). This effect is conserved as
shown by knockdown of SPRY2 in mouse lungs (Tefft et al.,
1999). Sprouty inhibits MAPK activation by FGF and epi-
dermal growth factor (Reich et al., 1999). Inhibition of

Figure 6. Overexpression of SPRY2 or
knockdown of miR-21 in colon cancer cells
reduces the formation of microvillus-like pro-
trusions and cell migration. (a) SW480 cells
were treated with Ad expressing miR-21 (top)
or miR-21 eraser (bottom). Forty-eight hours
later, total RNA was extracted and analyzed
by Northern blotting by using miR-21, miR-21
eraser, 5S, or U6 detection probes (n � 2). (b)
SW480 cells cultured on glass chamber slides
were infected with Ad expressing miR-21,
SPRY2, or miR-21 eraser (moi 20 each) in se-
rum-free medium (n � 3). After 48 h, cells
were fixed and immunolabeled with anti-
SPRY2 (green) and phalloidin (red). Cells were
imaged with an epifluorescence microscope at
60� magnification by using a FITC/Texas
Red/DAPI triple or just FITC (green) filter, as
shown. Arrows point to microvilli-like protru-
sions. (c) Cells were treated with a control
virus, miR-21eraser, shRNA-SPRY2, or miR-21
eraser � shRNA-SPRY2 for 48 h in serum-free
Leibovitz’s medium, after which they were
trypsinized, collected, and counted. For the
migration assay, 105 cells were seeded on
transwell filters with 0.8-�m pores, for 30 min,
before the addition of 600 �l of serum-en-
riched medium to the lower chamber (n � 9).
After 5 h, cells were fixed, stained, imaged
with an 80� objective, and counted on the
bottom side of the filter from three fields/well
by using the ImageJ cell counter software (Na-
tional Institutes of Health). The difference in
cell migration seen with the various treat-
ments was calculated as -fold change relative
to the control treatment after adjusting it to 1,
and data are plotted as a bar graph, with error
bars representing SE of the mean and asterisks
(*) representing p � 0.001, calculated for miR-
21eraser- or shRNA-SPRY2- versus control-
treated cells. Protein extracts from similarly
treated cells were analyzed by a Western blot
for SPRY2, which is displayed below the
graph (n � 2).
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branching is not restricted to the lungs, but SPRY2 also
inhibits ureteric (Chi et al., 2004) as well as chorionic vellous
branching and reduces trophoblast cell migration (Chi et al.,
2004). Although the branches referred to here are tubular
multicellular structures that underlie organogenesis, they
are initiated by single cell sprouting. But most relevant to
our study, is inhibition of neurite outgrowths by SPRY2 (Lao
et al., 2006; Gross et al., 2007).

A related isoform, SPRY1, was reported to be up-regu-
lated after relieving a human heart from its workload, which
is consistent with our finding in which SPRY2 is down-
regulated during pressure overload (Huebert et al., 2004).
SPRY was also found in vascular endothelial cells and has
been shown to inhibit vasculogenesis (Huebert et al., 2004).
Likewise, Sprouty4 inhibits FGF and vascular endothelial
growth factor-induced endothelial cell migration and prolif-
eration (Lee et al., 2001), whereas SPRY2 inhibits migration
and proliferation of smooth muscle cells (Zhang et al., 2005).
This reconciles well with the observed up-regulation of
miR-21 during neointimal formation, which has been shown
to enhance smooth muscle proliferation (Ji et al., 2007), and
our discovery of SPRY2 being one of its targets.

Sprouty is down-regulated in prostrate cancer (Kwabi-
Addo et al., 2004), breast cancer (Lo et al., 2004), hepatocel-
lular carcinoma (Fong et al., 2006), and non–small-cell lung
cancer (Sutterluty et al., 2007). Although independently, it
was shown that these forms of cancer are also associated
with up-regulation of miR-21 (Volinia et al., 2006; Meng et al.,
2007). Whereas overexpression of SPRY2 inhibits cell migra-
tion (Yigzaw et al., 2001; Lee et al., 2004), an increase in
miR-21 enhances cell proliferation and migration (Meng et
al., 2007). This is consistent with a pathway in which up-
regulated miR-21 targets and down-regulates SPRY2,
thereby enhancing proliferation and migration. But in addi-
tion, it has been shown that miR-21 can contribute to carci-
nogenesis through inhibition of apoptosis, or down-regula-
tion of other tumor suppressors, such as phosphatase and
PTEN (Meng et al., 2007) and tropomyosin 1 (Zhu et al.,
2007). This further establishes a link between miR-21 and
SPRY2, which is known to induce up-regulation of PTEN
and inhibit cell proliferation (Edwin et al., 2006). Using the
miR-21 eraser in cancer cells, we show that knockdown of
miR-21 is associated with up-regulation of both SPRY2 and
PTEN. Thus, it seems that miR-21 negatively regulates
PTEN both directly and indirectly through inhibition of
SPRY2. Moreover, SPRY2 differentially regulates apoptosis:
in differentiated neuronal cells it is apoptotic (Gross et al.,
2007), but it is antiapoptotic in adenocarcinoma cells (Edwin
and Patel, 2008). Our results suggest that miR-21 through
down-regulating SPRY2 enhances migration through pro-
moting formation of microvillus-like protrusions. But, the
possibility remains that miR-21 through inhibition of SPRY2
and PTEN enhances cancer cell proliferation as well. Also,
while validating the function of our miR-21 eraser, we found
that it up-regulates PDCD4 in SW480 but not in myocytes,
corroborating an antiapoptotic effect of miR-21 in cancer
cells.

The Eraser Is a Powerful Tool for Specific Knockdown of
Endogenous miRNA
Inhibition or knockdown of a specific miRNA is key in
understanding its function. For that purpose several ap-
proaches have been devised. Those include the 2�-O-methyl
(Hutvagner et al., 2004; Meister et al., 2004) or LNA-modified
oligoribonuleotides (Orom et al., 2006), and “antagomirs,”
which have a phosphorothioate backbone, a cholesterol-
moiety at 3� end, and 2�-O-methyl modifications (Krutzfeldt

et al., 2005). In contrast to these transiently delivered oligo-
nucleotides, Ebert et al. (2007) have recently reported the
delivery of antisense miRNA sequence by using expression
vectors termed “sponges” (Ebert et al., 2007). Our miRNA
eraser is similar in concept to the latter, but it differs in the
mechanism of inhibition of the miRNA. Although the
sponges induce a modest variable decrease of the endoge-
nous miRNA, our eraser wipes it out. The apparent loss of
the miRNA signal on the Northern blots cannot be explained
by competition of the complementary eraser RNA with the
labeled miRNA probe used for the detection, as proposed by
Ebert et al. (2007) because Northern blots are normally run
under extreme denaturing conditions. In cardiocytes, miR-
specific erasers rendered endogenous miR-21 and miR-199a
undetectable on Northern blots. In colon cancer cells, how-
ever, the effect was less complete only because it was diluted
out by the rapidly proliferating cultures. The eraser differs
from the sponge in two physical aspects: 1) the lack of
stem-loop sequences at the 5� and 3� ends of tandem repeat
sequence and 2) its delivery via a viral vector. Other plau-
sible reasons for the difference in the outcome are the nature
of the cell types or the targeted microRNA tested in both
studies.

In conclusion, miR-21 plays a role in inducing the forma-
tion of cellular outgrowths that connect cardiocytes through
gap junctions, which are usually confined to the intercalated
discs in the normal adult heart. This change is provoked by
�AR stimulation and mediated through down-regulation of
SPRY2, an established negative regulator branching mor-
phogenesis. We propose that this is an adaptive effect seen
during cardiac hypertrophic growth and that it is associated
with gap junction remodeling and enhanced conduction
velocity but that it is reversed during cardiac failure. In
contrast, miR-21 is necessary for formation of microvillus-
like protrusions in colon cancer cells and enhances cell mi-
gration. It remains to be tested whether �AR stimulation
also induces up-regulation of miR-21 in cancer cells, which if
confirmed would provide us with a convenient therapeutic
target.
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